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SUMMARY

Soresma performed several pilot tests under different conditions to test the feasibility of stimulated
biological degradation of chlorinated ethanes. In one pilot test HRC® was injected, in a second one
molasses was applied firstly followed by EHC™, in a third test lactate was infiltrated and in the fourth
pilot test the conditions for both lactate and EHC™ were evaluated.

An inhibition of the degradation of chlorinated ethenes by the presence of chlorinated ethanes was not
observed. Stimulated biological degradation of chlorinated ethanes can be successful when the proper
carbon sources are applied such as HRC®, lactate and EHC™ (with zerovalent iron). A final
observation was that biological degradation of chlorinated ethanes needs a certain time period.

INTRODUCTION

Considering “Enhanced Reductive Dechlorination” as a remediation method of groundwater
contaminated with chlorinated aliphatic hydrocarbons (CAHSs), the stimulated biological degradation of
chlorinated ethenes is more successful than the degradation of chlorinated ethanes. 1,1,1-
Trichloroethane (TCA) has been described as a potential inhibitor of chlorinated ethene dechlorination.
Generally it is concluded that TCA can be degraded microbially by an anaerobic co-metabolic
pathway, but that the process is slow (Desulfobacterium autotrophicum). Dehalobacter sp., TCAL is
known to be capable to biodegrade 1,1,1-Trichloroethane (TCA) into 1,1-Dichloroethane (DCA) and
Chloro-ethane (CA).

Known abiotic TCA degradation mechanisms include hydrolysis, through which TCA is transformed to
DCE and acetate, and elimination, involving the removal of a hydrogen and chlorine atom
(dehydrohalogenation). Zero valent iron (ZVI) particles or microbially produced iron sulphides may
also chemically reduce TCA to DCA.

From the above, it can be concluded that pilot tests, in order to be successful, need to be designed
differently for chlorinated ethanes then for chlorinated ethenes. This will be illustrated by means of four
case-studies.

CASE-STUDY 1

Background

On this industrial location, a laboratory was located from 1971 until 1994. In 2002 the buildings were
demolished. The TCA plume in the groundwater extends over a total length of approximately 120 m
and has a width of 30 m. The area with the highest concentrations is about 20mx20m.

In the period of 2002-2003 a 15-month pilot test was performed in order to investigate the effects of a
carbon source addition (HRC®, Hydrogen Release Compounds) on the in-situ TCA degradation. The
pilot test as well as the corresponding microcosm test and PCR-analyses (Polymerase Chain
Reaction) were reported in 2005 by Lookman et al.

Pilot design

Five monitoring wells were installed with screen depths of 3-5 m bgl. HRC-injection was performed
using Geoprobe injection equipment at 2 injection points approximately 1.5 m apart, after sampling of
all monitoring wells. The injection depth was 5 to 2 m bgl; in total 30 kg HRC was injected.

The effects on the evolution of CAH concentrations and other parameters in the groundwater were
monitored at certain points within a 15-month period. An actualisation of the situation occurred in
2005.
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Results

After the injection of carbon source by direct-push in the pilot test, TCA-concentrations decreased by
90% in 15 months. DCA proved to be more recalcitrant. In the source of the injection zone the
TCA/DCA ratio decreased from about 7 to 2,2, showing a TCA degradation compared to DCA.
Soresma performed a new monitoring round in 2005 analysing the following parameters: chlorinated
solvents, chloro-ethane, ethene, nitrate, sulphate, chloride, iron(ll) and Total Organic Carbon (TOC).
The results indicated that none of the detected chloro-ethanes concentrations were above the clean-
up levels. Furthermore, the TCA/DCA ratio decrease continued with an observed minimum of 0,27 and
a maximum of 1,19.

To verify that the decrease was not related to further migration of the plume, a delineation by new
monitoring wells was executed in 2007. The delineation results confirmed the observation of a(n)
(almost) complete biodegradation of the contamination.

Conclusion
The results indicate that full biodegradation of 1,1,1-TCA is possible by the injection of HRC. At this
location a long monitoring period was needed.

CASE-STUDY 2

Background

Untill 1868 this location was the property of a candle factory.
From 1869 until 1993 the stamp printer of the Postal Services
was located on the site. These activities were terminated in 1993.

The printer was equipped with two trichloro-ethene presses, one
rotation press and two smaller presses. The wastewater was
discharged into the groundwater through a tube from the first floor
and sinking pits. These pits are considered as the source of the
groundwater contamination with chlorinated solvents.




The horizontal extent of the plume — a mixture of TCE and TCA
and their daughter products cis-1,2-dichloroethene (cDCE), vinyl
chloride (VC) and 1,1- dichloroethane (DCA), — was delineated.
Horizontally, the dimensions of the plume are estimated to be
500 by 250 meters (at the front). The volume of groundwater
with concentrations above clean-up levels are estimated at
225.000 m3.

As remediation strategy for both the source and the plume,
Enhanced Reductive Dechlorination was proposed. Within the
plume a distinction is made between an active approach where
the concentrations are still high, a biological barrier at the
Leopoldstreet and natural attenuation in the rest of the plume.

In order to test the feasibility of this concept, a pilot test was
executed in 2006 by the injection of molasses. Two locations
were selected: the first one at the sinking pits specified where high concentrations of 1,1,1-TCA are
present; and a second location downstream because of the high percentage of TCE.

Pilot design

The set-up was a push-pull test. Molasses was diluted with extracted groundwater and re-infiltrated.
Additionally, the infiltration filter was rinsed with groundwater extracted from downgradient monitoring
wells.

The monitoring results indicated an almost complete degradation of chloro-ethenes. No inhibition by
the presence of chloro-ethanes seemed to have occurred. The concentrations of chloro-ethanes
however, were not affected.

Details of the ;r)ilot test. Left: Figure with injection points and monitoring well. Middle: Direct push injection. Right:
Detail of EHC ™ in suspension

Additionally, in may 2007 an injection with EHC™ by direct-push is performed. EHC™ is a patented
combination of controlled-release carbon and zero valent iron (ZVI) particles used for stimulating in
situ chemical reduction of organic compounds in groundwater. A genetic screening by means of PCR-
analysis to verify the presence of Dehalobacter sp., TCA1 and Desulfobacterium autotrophicum, was
executed as well. Dehalobacter sp., TCAL is capable to biodegrade 1,1,1-TCA into 1,1-DCA and
Chloro-ethane (CA). Desulfobacterium autotrophicum is known as a cometabolic TCA-degrader.

Results

The latest results indicate a partial break-down of chloro-ethanes subscribing the results of PCR-
analysis. These results indicate the presence of Dehalobacter sp., TCA1 but not of Desulfobacterium
autotrophicum. As shown in the figures below the TCA/DCA ratio decreased from more then hundred
until only 0,3. CA is also present at the site.

Conclusion

The first conclusion is that an almost complete degradation of chloro-ethenes occurred by the injection
of molasses. No inhibition by the presence of chloro-ethanes is observed. The concentrations of
chloro-ethanes however, were not affected by the injection of molasses.

The injection of EHC™ was more successful. The results indicate that biodegradation of 1,1,1-TCA is
possible. Again a long monitoring period was needed.
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CASE-STUDY 3

Background

The test site is located in Ghent. It concerns a paint factory with a
production and storage unit. The factory is active on the site since
1981. A historical contamination with CAH’s in the groundwater,
namely 1,1-DCA and 1,1,1-TCA is present. The contamination has
also spread out to the surrounding parcels. The vertical extend of the

groundwater contamination is 1,3 till 6,0 bgl.

Because the pollution is also situated under existing buildings, a
classic treatment was not considered valid. In agreement with the
OVAM, a pilot test was performed concerning enhanced reductive
dechlorination (ERD). The test was performed from November 2006

until February 2007.

Pilot design

The set-up was a repeated push-pull test of 3 events with injection of
lactate. In the core of the groundwater contamination - near the
solvent storage - an injection filter was installed. Spaced on regular intervals, 3 monitoring wells were
installed to provide ample data concerning the evolution of the ERD-process in the groundwater. The

Solvent storage park

soil layer, selected for the
substrate injection consisted of
fine sand (depth 2 — 6 bgl). A
permeability of 2,9 m/d was
determined, based on sludge
tests performed on the site. This
resulted in a calculated
horizontal groundwater flow of
22 m/year.

Because the contamination
concerned mostly chlorinated
ethanes, it was proposed to use
lactate as injection substrate.
Two injection events were

executed. During each event a solution of 400 | of lactate, diluted with 600 | of water, was injected.
After each injection, an additional 2.000 | of water was used to further disperse the substrate in the

local groundwater layer.

Before starting with the substrate injection, the starting conditions of the groundwater were
determined. It concerned the following parameters: TOC (Total organic carbon), CAH’s, methane,
ethane, ethene, sulphates and nitrate. After each injection event the groundwater from the injection
and the monitoring wells was analysed on TOC. In the field the pH, the conductivity, the temperature,
the oxidoreduction potential (ORP) and the oxygen amount were determined. Every two months the
concentrations of the chlorinated solvents in the groundwater were monitored.

Results

After 4 months, TCA concentrations in the
influence zone (MW 3) of the injection were
below clean-up levels. A decrease of its
degradation products was described as well.
Based on the migration of the TOC
concentrations observed in the monitoring
wells, the direction of the groundwater flow is
slightly different then predicted. MW-3 is better
located in the influence zone then MW-1 and
MW-2.

In general, the following conclusions can be
withheld: (i) the amount of TOC increased
strongly; (ii) the conductivity increased; (iii) the
ORP decreased; (iv) the concentrations of

MW1 9/11/2006 | 11/01/2007 | 9/02/2007
1,1-DCA pg/l 7700 1500 3200
1,1,1-TCA ug/l 4200 980 1800
sum ug/l 12000 2600 5100
Ratio TCA/DCA 0,55 0,65 0,56
MwW2 9/11/2006 | 11/01/2007 | 9/02/2007
1,1-DCA pg/l 15000 6400 7600
1,1,1-TCA pg/l 15000 10000 11000
sum pg/l 30000 16000 18000
Ratio TCA/DCA 1,00 1,56 1,44
MW3 9/11/2006 | 11/01/2007 | 9/02/2007
1,1-DCA ug/l 4700 360 650
1,1,1-TCA ug/l 3200 210 340
sum ug/l 8000 590 1000
Ratio TCA/DCA 0.68 0.58 0.52




sulphate decreased; (v) the
MP3 concentrations of Fe?"
increased; (vi) ethene, ethane
and methane are formed in the

14000

12000 core; (vii) the ratio 1,1,1-
TCA/1,1-DCA in the influence
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CASE-STUDY 4

Background

Since 1956 the site is property of a factory, assembling electricity panels and constructing electricity
supplies at public and industrial sites. Offices and assembly halls are built on half the location. CAH’s
are stored and handled. Spills of perchloroethene (PCE), trichloroethene (TCE) and 1,1,1-
trichloroethane (TCA) resulted in impacts to the subsurface environment.

The vertical and horizontal extent of the plume — mother compounds and daughter products cis-1,2-
dichloroethene (cDCE), vinylchloride (VC) and 1,1-dichloroethane (DCA) — was delineated. Vertically
the boundary (above reference level) is at 6,5 meters below ground level (m bgl). The maximum levels
of CAHs observed in the groundwater are 760 ug/l for PCE, 180 ug/l for TCE, 10 ug/L for cDCE, 20
pg/L for VC, 12.000 ug/L for TCA and 6.600 ug/L for DCA.

The local geology consists of quaternary silty and/or clayey sands. The tertiary clay of Boom is
observed at 6,5 m bgl. The groundwater table is at appr. 1 m bgl. The groundwater flow direction is
southwest. In the literature a hydraulic conductivity for the quaternary silty and/or clayey sands of 5
m/d is reported.

Pilot design

The source zone can be remediated by multi-phase extraction (MFE). Because the pollution is mainly
situated under existing buildings, a classic treatment for the plume was not considered valid. Lab tests
executed on a representative soil sample to determine the soil oxidation demand, showed that
chemical oxidation should be excluded as a remediation option. As remediation strategy for the
source zone (after physical removal) and for the plume, Enhanced Reductive Dechlorination was
proposed.

In order to test the feasibility of this concept and based on earlier experience, two pilot tests were
simultaneously performed. Two locations were selected: at the first location, situated slightly
downstream from the source zone, a repeated push-pull test with lactate was performed ; at the
second location, further downstream and with relatively higher TCA concentrations, EHC™ was
injected by direct push. EHC™ is a patented combination of controlled-release carbon and zero valent
iron (ZVI) particles used for stimulating in situ chemical reduction of organic compounds in
groundwater.

Push-pull test with lactate

Slightly downstream from the source zone, an infiltration well (IF1309) was installed. At different
distances downgradient from the infiltration well, three monitoring wells (OF1306, OF1307 and
OF1308) were installed. The infiltration well has a screen interval from 2 to 5 m bgl, the monitoring
wells from 0,5 m to 6,5 m bgl.



Previous to the push-pull test the groundwater from the infiltration well and the monitoring wells was
further characterised. This included analysis for the following parameters: pH, EC, T, ORP, DO, TOC,
chloride, nitrate, sulphate, iron(ll) and CAH'’s
and — additionally on the earlier assessments —
also for ethene/ethane/methane.

The push-pull test is conducted in the following

steps:

1. Pull-0: consecutively 1m?3 of groundwater is
extracted from the infiltration well and
captured in a container. Lactate is added
(to produce a 20% concentration). Next,
the groundwater and the lactate are mixed
thoroughly. Finally, the mixture is re-
infiltrated (push-1).

2. Pull-1: after 5 months the container is
refiled with extracted groundwater from
the infiltration well. Again lactate is added
and the mixture is re-infiltrated (push-2)

EHC™ injection

At a second location, further downstream and with relatively higher TCA concentrations EHC™ was
injected by direct push. The injection took place at three injection points (IP1, IP2 and IP3) in a radius
of approx. 3,5 m from the monitoring well OF1310. The monitoring well has a screen interval from 0,5
m to 6,5 m. At each injection point, 330 liter of a 30% solution of EHC was injected in the interval
between 1,0 m bgl and 6,5 m bgl (in upward direction).

Previous to the injections, the groundwater from the monitoring wells OF1310 and PP 202 S (screen
interval between 0,5 m and 2,5 m bgl) was further characterised. This included analysis for the
following parameters: pH, EC, T, ORP, DO, TOC, chloride, nitrate, sulphate, iron(ll) and CAH’s and —
additionally on the earlier assessments — also for ethane/ethane/methane.

Monitoring

The groundwater from the downgradient monitoring wells (for the push-pull test: the extracted
groundwater from each pull-stage as well) are periodically sampled and analyzed for one or more of
the following parameters: mother compounds, daughter products, pH, EC, T, ORP, DO, TOC,
chloride, nitrate, sulphate and iron (ll) to follow-up biodegradation. Based on data for TOC and their
difference, the migration of lactate can be quantified. The need for an additional groundwater
infiltration and/or extraction to stimulate the migration of the carbon source can be evaluated as well.

Results

Further groundwater characterisation

Monitoring well datum PCE | TCE | DCE VC | TCApg/l [DCA pg/ll SOM | SOM |ethene| ethane | methane| EC pH ORP DO | Fe (ll) | Nitrate | Sulphat| Chloride | TOC T
Mg/l Ha/l cug/l | pg/l CE CA Mg/l Mg/l Mg/l uSlicm mvV mg/l | (mg/l) | (mg/l) [e (mg/l)| (mg/l) (mgll) | (T)

Lactaat

|IF 1309 13/08/2007| 74 81 11 1 58 720 | 167 | 778 | <2 2 75 892 | 7,01 | -116 | 1,00 [ 10 26 | 46 40 10 | 181

OF 1308 13/08/2007| 130 | 76 | 52 | 15 150 1300 | 2127 1450 | <2 <2 46 988 | 694 | 95 | 155 | 11 28 | 160 59 68 | 181

OF 1306 13/08/2007| 56 19 4 | 054 59 150 | 79,54] 1559 <2 | 27 35 865 | 7,02 | 71 | 2,67 | 7,6 | <044 | 170 51 54 | 181

OF 1307 13/08/2007] 59 17 | 14 1 65 1600 | 784 | 1665 | <2 5 52 967 | 7,08 | 118 | 073 | 84 | <044 170 61 52 | 180

EHC-injectie

OF1310 13/08/2007] 220 | 29 | <10 | <10 | 160 | 6000 | 249 [ 6160 | <2 | 56 | 360 | 983 | 695 | 90 | 078 | 9,9 [ <044 170 | 83 | 67 | 180

PP 202 S 13/08/2007] 017 [ 016 [ 025 | 15 | 61 | 73 [ 208|791 ] <2 | 28 | 940 [1230] 681 | 6 | 110 | 061 [ <044 24 | 97 | 40 | 192

The results of the baseline sampling do not indicate a complete degradation of chloro-ethenes. Only
small amounts of daughter products are measured. On the other hand, high concentrations of DCA, a
daughter product of TCA, are measured. The groundwater samples are not analyzed for chloro-
ethane, so further biological degradation of DCA to chloro-ethane cannot be proven.

Although sulphate concentrations are similar at both locations, higher methane concentrations are
measured at the second location.




Push pull test with lactate

The results of the infiltration of carbon source at infiltration well IF1309 are shown below.

Monitoring well Date’ PCE TCE DCE |vc ug/\| TCA ug/T|'DCA ugl\‘ SOM cE| SOM CAJ ethene [ ethane | methane | EC pSicm pH | ORP mV' ‘ DO mgll | Fe (II) Nitrate | Sulphate | Chloride [TOC (mg/)[ T (T)
ug/l Hg/l cug/l Mg/l ug/l Mg/l (mg/l) (mg/l) (mg/l) (mg/)
Lactaat
IF 1309 13/08/2007| 74 81 11 1 58 720 167 778 <2 2 75 892 7,01 -116 1,00 10 2,6 46 40 10 181
23/09/2007] 711 6.52 222 335 17 494 102
23/10/2007 8.4 140 31 13 23 930 | 1807 | 953 3 <2 46 6100 6,52 -124 0,68 2000
21/11/2007 3550 6,61 -108 0,87 36.7 <1 <40 589 1470
17/01/2008] 4 64 26 a4 160 [ 1400 | 138 | 1560 [ 7.3 <2 300 5610 6.4 -59 013 2000 17.2
OF 1308 13/08/2007| 130 76 5.2 15 150 | 1300 | 212,7 | 1450 <2 <2 46 988 6,94 95 1,55 1 28 160 59 6.8 181
23/09/2007 4890 6,49 -175 1
23/10/2007| 15 150 6.4 <1 49 920 [ 1714 | 969 42 48 100 4440 6,45 -135 05 1200
21/11/2007 2870 6,59 -138 0,63
17/01/2008] 38 130 39 55 76 1200 [ 2125 [ 1276 <2 <2 520 1946 6,63 -60 0,99 18,7 157 166 57.9 >300 17.3
OF 1306 13/08/2007| 56 19 4 054 5.9 150 | 7954 | 1559 | <2 27 35 865 7,02 71 2,67 76 <044 170 51 54 181
23/09/2007 1102 6,96 -121 09
23/10/2007 1049 6,92 -14 0,68
21/11/2007| 25 16 45 0,45 13 170 | 4595 | 1713 | <2 <2 53 927 6,88 -38 0,45 32
17/01/2008] 0 787 6,74 6 0,44 17,5
OF 1307 13/08/2007| 59 17 14 1 65 1600 | 784 | 1665 <2 5 52 967 7,08 -118 0.73 84 <044 170 61 52 180
23/09/2007] 0 1142 7,02 -121 0,74
23/10/2007 0 1255 6,92 75 0,45
21/11/2007 0 1143 6,94 -132 0.28 8,79 <1 145 588 185
17/01/2008] 0 1274 6,89 -288 0,07 17.7

Five months after pull 1, a remarkable increase in the concentrations of VC and methane in the
groundwater from infiltration well IF1309 and monitoring well OF1308 is measured. In the groundwater
from the infiltration well, the concentration of ethene also increases. Although sulphate concentrations
are still relatively high, complete reduction of chloro-ethenes actually happens. The evolution of the
chloride index for chloro-ethenes is shown in the figure. The concentrations of chloro-ethanes (TCA
and DCA) however, were not affected.
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By these measurements it is also proven that the carbon source spreads out very slowly. An additional
groundwater infiltration (upgradient) and/or extraction (downgradient) to stimulate the migration of the
carbon source can be needed.

EHC™ injection

The results of the injection of carbon source at injection points IP1, IP2 and IP3 are shown below.

Monitoring well Date PCE TCE DCE |VC pg/l| TCA pg/l| DCA pg/l| SOM CE|[ SOM CA| ethene | ethane | methane | EC uS/cm pH ORPmV | DO mg/l Fe (1) Nitrate | Sulphate | Chloride |TOC (mg/l)| T (TC)
ug/l ug/l cug/l ug/l pg/l pgll (mg/l) (mg/l) (mg/l) (mg/l)
EHC™
OF1310 13/08/2007| 220 29 <10 <10 160 6000 249 6160 <2 56 360 983 6,95 -90 078 99 <044 170 83 6,7 18,0
23/09/2007) 60 69 74 <10 93 8900 203 8993 9.8 13 1100 1699 6,19 -104 0,71 130
23/10/2007) 70 49 190 <10 170 9100 309 9270 56 <2 450 1583 6,32 -106 0,41 250
21/11/2007| 1340 6,46 -102 044 76,6 <1 43,6 210 467
17/01/2008] 18 16 37 31 28 8000 102 8028 15 <2 2000 1532 6.4 -228 0,05 200 17,6
PP202S 13/08/2007] 0,17 0,16 0,25 15 6,1 73 2,08 79.1 <2 2,8 940 1230 6,81 6 110 0,61 <0,44 24 97 40 19,2
23/09/2007 1346 6,83 0 417
23/10/2007, 1313 7,01 36 3,95
21/11/2007, 1064 6,8 46 3,22 <0,2 11 <40 177 164
17/01/2008| 0 1147 6,66 -180 0,45 16,8




During five months after the EHC™ injection, a steady decrease in pH, ORP, DO and sulphate
concentrations and a steady increase of the concentrations of iron(ll) and chloride in the groundwater
from monitoring well OF1310 is noted. **
After five months the concentrations of VC .,
and ethene also increases. Although
sulphate concentrations are still relatively
high, complete reduction of chloro-ethenes
actually occurs. The situation at .
monitoring well PP202S still has to be \\
examined. The evolution of the chloride &%

index for chloro-ethenes is shown in the s
figure. The concentrations of chloro-
ethanes (TCA and DCA) however, were
not affected. By these measurements it is °
also proven that the carbon source
spreads out very slowly.
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Conclusion

At this location, the degradation of chloro-ethenes is observed. The concentrations of chloro-ethanes
however, are not affected, not for lactate and not for EHC™. The monitoring period will be extended
as was necessary for case-study 1 and 2.

FINAL CONCLUSION

Based on the observations during the feasibility testing, the conclusion that stimulated biological
degradation of chlorinated ethenes is easier than the degradation of chlorinated ethanes, remains
valid. An inhibition of the degradation of chlorinated ethenes by the presence of chlorinated ethanes
however, was not observed on the two locations where a mixture was present.

Stimulated biological degradation of chlorinated ethanes can be successful when the proper carbon
sources are applied. With HRC® (polylactate) and lactate positive results were obtained as described
above. Also the use of EHC™ gave good results. In this case the process of chemical reduction is of
application as well. Hopefully, with a longer monitoring period the results of case-study 4 can confirm
this as it seems that biological degradation of chlorinated ethanes needs a certain time period. Only in
case-study 3, quick results were obtained.
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